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We report the synthesis in water of colloidal silver nanoparticles (AgNP) using a Gemini lipoamino 
acid surfactant derived from cysteine as a capping agent. The Gemini surfactant interacts with the 
metal surface mainly in a monodentate vertical mode through the carboxylate group preserving 
intact the disulfide bond. These nanoparticles present catalytic activity to the reduction of p-
nitrophenol, and the synthesis of AgNP under mild reduction conditions maintaining the seeds size. 
Also, the Gemini surfactant leads to anisotropic morphologies in the seed-mediated growth of 
AgNP@citrate seeds aided by the presence of bromide ions.             
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1. Introduction  
Nowadays, silver nanoparticles (AgNP) play a remarkably role due to their several applications 
in optical devices, catalysis, biomedicine, and sensing [1,2]. Besides, the importance of ligands on the 
metal surface, acting not only as capping and stabilizing agents, but also defining physical and chemical 
properties of nanomaterials is well recognized [3–9].  Within this frame, obtaining AgNP using 
surfactants as ligands can lead to different characteristic features or enhanced properties, for example, 
they can exert shape control during nanoparticles growth [10], affect their aggregation rates [11], and 
also tune plasmonic responses [12,13].  
Gemini surfactants (GS) containing two hydrophobic chains and two hydrophilic heads 
separated by a spacer bound covalently are known for their improved properties, compared to their 
monomeric counterparts, like a lower critical micelle concentration (cmc) [14,15]. Commonly, the GS 
chemical structure is indicated using Cm-Cs-Cm where, m and s mean the number of carbons in the alkyl 
side chain and the methylene spacer, respectively. Amino acid-based GS present in many cases 
additional advantages such as, being eco-friendly, biodegradable, non-toxic and water soluble which 
make them attractive for cosmetics, pharmaceutical, and biomedical applications [16,17]. Thus, the use 
of natural amino-acid based GS as capping agents of AgNP is worthwhile to explore as it might confer 
different or enhanced properties. 
The use of GS as ligands in the synthesis of AgNP is still scarce with most examples involving 
cationic GS (Table S1 in the Supplementary material). For instance, in pioneer work, Xu et al. [18] 
obtained monodisperse and stabilized spherical AgNP under reverse micelle conditions using a cationic 
GS referred to as 18-3(OH)-18. Besides, using Cm-2-Cm GS with different hydrocarbon chain lengths, 
Bakshi [19] found the shorter one (m: 10) favoured the formation of nanorods at low seed 
concentrations during the seed-mediated growth of AgNP@citrate, while longer alkyl chains (m: 12 and 
14) induced nanoribbons. In contrast, when the 12-2-12 GS was the capping agent during the synthesis, 














16-Cs-16 GS observed the shorter spacers (s: 2 and 4) promoted the synthesis of nanorods. Also, a few 
examples show the ability of anionic GS to stabilize AgNP (Table S1), for instance, Negm et al. [22] 
utilized GS with phosphate polar heads and a polyethylene glycol spacer to exchange the citrate as 
ligand and improve the NP stabilization. Recently, Srivastava et al.[23] used mixed micelles as capping 
agents of AgNP and found the higher the proportion of anionic GS in the micelle prevented NP 
aggregation and; Cheng et al. [24] obtained microparticles with good Surface Enhanced Raman activity 
using a Cm-Ar-Cm anionic GS and a mild reducing agent.  
In this work, we depict the synthesis and characterization of AgNP when the ligand is an anionic 
Gemini lipoamino acid surfactant composed of cystine (dimeric cysteine, Cys) as both polar head and 
spacer, and decadecyl hydrophobic tails named sodium didecamido cystine, 10-Cys-Cys-10 (Scheme 1, 
SDDC). We evaluated the catalytic performance of these AgNP@SDDC using as a model reaction to 
the reduction of 4-nitrophenol. Further, we examined the effect of SDDC in the seed-mediated growth 




Scheme 1. Chemical structure for SDDC 
 
2. Materials and methods 
2.1 Reactants.  
Analytical grade AgNO3 (BioPack), Sodium borohydride (Tetrahedron), p-nitrophenol (Aldrich), 
NaOH (95%, Cicarelli), sodium citrate (Anedra), L-ascorbic acid (Anedra), KBr (Merck) were used as 














in the laboratory according to the literature [15] by the reaction of cystine with decanoic chloride as 
described previously [25]. Water was MilliQ quality obtained from a Millipore instrument (resistivity, 
25°C: 18 M cm).  
 
2.2 Instrumentation.  
All absorption spectra were measured in a UV–vis Shimadzu 1800 spectrophotomer in the 200–
800 nm wavelength range using quartz cells (1 cm path-length). Transmission Electron Microscopy 
images were obtained using a TEM-Jeol 1120 electron microscope, 80 kV accelerating voltage on 
Carbon-coated copper grids (300 mesh, Electron Microscopy). Zeta potentials were measured in a 
Delsa
TM
 Nano S Particle Analyzer (Beckman Coulter) at room temperature. Centrifugation was 
performed in an Eppendorf Centrifuge 5804. Infrared spectra (FT-IR) were recorded in a Nicolet iN10-
Microscope: 16 scans, 16 cm
-1
 resolution, sample gain 1.0, aperture 80; Thermogravimetric analysis 
(TGA) was performed on a thermogravimetric analyser equipment Hi-Res 145 Modulated TGA 2950 
under N2 atmosphere in the range 50ºC - 600ºC at a 10ºC/min rate. Raman spectra were measured in a 
Horiba LabRaman confocal microscope with a 100 × (NA = 0.12) objective in the backscattering 
geometry. 10 s was the exposition time with a 4 cm
−1
 resolution and 10 or 20 accumulations were 
obtained for SDDC and for AgNP@SDDC, respectively. The irradiation wavelength used were 514 nm 
for SDDC and 633 nm for AgNP@SDDC corresponding to the laser lines from Argon and He-Ne, 
respectively. X-Ray photoelectron spectra were obtained using a K-Alpha X-ray Photoelectron 
Spectrometer (Thermo Fisher Scientific) with monochromatized Al-K X-ray source h = 1486.6 eV. 
Survey and high-resolution spectra were collected using 150, 13 (for C) and 50 (for O, S, Ag and N) eV 
pass energy, respectively. HR-XPS spectra were fitted with XPST software package for Igor Pro 8.02® 
(WaveMetrics, Inc.) using Gaussian-Lorentzian functions (70%:30%). Due to remaining charging 
effects through these measurements, we used the C 1s binding energy for aliphatic carbons (284.8 eV) 
















2.3 Synthesis of AgNP@SDDC 
In an Erlenmeyer flask, we added 0.6 mL aqueous NaBH4 (10.00 mM) in 0.1 mL aliquots every 
30 s to a 20 mL aqueous solution containing 0.25 mM AgNO3 and 2.5 mM SDDC under vigorous 
magnetic stirring at room temperature. Immediately, upon NaBH4 addition, the solution colour became 
dark brown. The stirring continued for 30 s more after addition of NaBH4. Then, we centrifuged the 
nanoparticles at 4000 rpm equivalent to a relative centrifugal force (rcf) of 2057×g for 30 min. The 
pellet was resuspended in 4.0 mL MilliQ water.  
 
2.4 Seed-mediated AgNP synthesis in the presence of SDDC 
 Besides the AgNP@SDDC seeds, we also synthesized AgNP@citrate seeds as follows: In an 
Erlenmeyer flask, we added 0.6 mL aqueous NaBH4 (10.00 mM) in 0.1 mL aliquots every 30 s to a 20 
mL aqueous solution containing 0.25 mM AgNO3 and 0.25 mM sodium citrate under vigorous magnetic 
stirring at room temperature. Immediately, upon NaBH4 addition, the solution colour became yellow. 
The stirring continued for 30 s more after addition of NaBH4. These seeds stood at least 2 hours before 
use. In the meantime, we prepared growth solutions containing SDDC (3 mM), AgNO3 (0.23 mM) and 
ascorbic acid (7.2 mM) in that given order. Then, we added 125 L of seeds aged for 2 h or 24 h 
(AgNP@citrate or AgNP@SDDC) followed by addition of NaOH (9.1 mM). To chosen solutions, we 
added KBr. The samples reacted for 48 h before centrifugation and analysis.  
 
2.5 Characterization of nanoparticles 
We determined particle size distributions using TEM images of 20 L colloidal solutions 
delivered onto 300 mesh carbon-coated copper grids before drying under air. We analysed all the 














spectra to ascertain the maximum wavelength (max) for the surface Plasmon resonance (SPR) band and 
its full width at half maximum (FWHM). Also, we calculated the molar absorption coefficient in water 
and measured the zeta potential (). The zeta potential was determined using the zeta potential cell of 
the DelsaTM Nano S Particle Analyzer.   The cell was rinsed several times with ethanol, water and 
filled with ~ 0.7 mL of AgNP@SDDC dispersed in MilliQ water at room temperature. The reported zeta 
potential is the average of five independent measurements.  
About the presence of SDDC as the capping agent we recorded the FTIR spectra for SDDC and 
AgNP@SDDC of solid samples on a KBr disk, and we estimated the amount of SDDC on the 
nanoparticles performing TGA of 1.555 mg lyophilized AgNP@SDDC under the conditions mentioned 
above. As a control, we also performed the TGA of SDDC. In addition, we collected the Raman spectra 
and XPS for the AgNP@SDDC.  
 
2.6 Catalytic activity of AgNP@SDDC  
To test the catalytic performance of AgNP@SDDC, we chose the reduction of p-nitrophenol as a 
model reaction. In a 1.0 cm path length cuvette, we added AgNP@SDDC (106; 211 or 314 pM) to a 
solution containing 59.2 M 4-nitrophenol (4-NPh) and 181 or 195 mM NaBH4. At these conditions, we 
supposed the reaction rate is already zero order respect to NaBH4 [26]. Then, we monitored the 
absorption spectra over time until the band at 400 nm disappeared completely. Once we confirmed the 
reaction occurred, we ran kinetics at 400 nm over time at 25.0ºC and 2 seconds intervals using the 
kinetics mode in the instrument software. Each experiment was done in triplicate. As control 
experiments, we carried out the reaction in the absence of AgNP; in the absence of NaBH4 and in the 
presence of only SDDC.  
 
3. Results and Discussion 














We performed the synthesis of AgNP using SDDC above its critical micelle concentration in 
water (cmc: 0.28 mM at pH 7.00; 0.35 mM at pH 9.16) [25] to act as both a template and stabilizer, 
maintaining a molar ratio Ag
+
: SDDC equal to 1:10. This ratio was chosen on basis to previous 
experiments performed in our laboratory to find optimal conditions for the study of the interaction of 
cations with Gemini surfactants. Colourless aqueous solutions of Ag
+
 and SDDC turned to transparent 
brownish dispersions upon the addition of sodium borohydride. Extinction spectra of the as-synthesized 
AgNP showed a maximum peak attributed to the characteristic surface plasmon resonance band (SPR) 
for AgNP [1] at 454 nm wavelength which after centrifugation shifted to 417 nm and presented a 
narrower band (Fig. 1, left). TEM images of centrifuged particles (Fig. 1, right) showed nearly spherical 
shape with an average size of 12 nm (standard deviation, sd = 3). The zeta potential of these particles 
was -27 mV. We monitored the SPR over time for centrifuged AgNP@SDDC samples stored at room 
temperature (Fig. S1 in the Supplementary material) and observed a slight increase in absorption 
together with a narrower blue shifted SPR (417 to 411 nm). Despite the wavelength was shorter, their 
average size showed a significant increase (p < 0.05) to 17 nm (sd= 4) without aggregation (Fig. S2 in 
the Supplementary material). We attribute this increment in the mean diameter to the well-known 
Ostwald ripening effect [27]. In comparison to other anionic Gemini surfactants where obtained 
particles were in the order of microns [24], or aggregates larger than 100 nm [23], using SDDC lead to 




















Figure 1. (Left) Absorption spectra for as-synthesized () and centrifuged () AgNP@SCCD 
colloidal suspensions in water at 25.0ºC. (Right) Representative TEM image obtained for 
centrifuged AgNP@SDDC. The background debris is attributed mainly to the remaining surfactant.   
 
We determined the molar absorption coefficient () in water for these AgNP@SDDC after 15 






 when the nanoparticle concentrations 
were estimated using the NANoPoLC algorithm [28] with minor modifications. Note that this 
algorithm takes into account the nanomaterial polydispersity. If polydispersity is not considered 






. Addition of up to 10% v/v ethanol does not modify 






at 410 nm).  
To gain insight into the role as a ligand of SDDC, we collected the FT-IR spectrum of the 
AgNP@SDDC (Fig. 2), which displayed signals attributed to SDDC. For example, the N-H 
stretching vibration (secondary amide) at 3177 cm
-1
, the C=O stretching at 1628 cm
-1
 (amide I 
band), the N-H deformation mixed with the C-N stretching at 1530 cm
-1
 (amide II band) and the 
antisymmetric and symmetric carboxylate stretching at 1584 cm
-1





An analysis of the ratios between peak intensities in the SDDC spectrum compared to those in the 
















amide and carboxylate groups (Table 1). These dissimilarities presumably are due to the interaction 
between SDDC with the metal surface occurring through these functional groups.  
 
Figure 2. FT-IR spectra for AgNP@SDDC (grey) and SDDC (black). Arrows indicate the main 
vibrations bands analysed in Table 2. 
 
Table 1. Selected FT-IR vibrations (cm
-1












1 3177 N-H secondary amide - - - 
2 3000-2750 C-H alkyl - - - 



























































 expressed in percentage. 
b
Relative absorption of 
this band with respect to band 4. 
c
Relative absorption of this band with respect to band 5. 
d
Relative 
absorption of this band with respect to band 6.
 e




To estimate the AgNP@SDDC composition, we performed a thermogravimetric analysis. 
















attributed to the SDDC loss and 50% of residue corresponding to the metal content. Then, we 
estimated a ligand density for 12 nm particles around 11800 SDDC molecules per AgNP. This high-
density packing (normalized surface coverage is 27 molecules per nm
2
, see the Supplementary 
material for calculus details) is likely attributable to a monodentate vertical configuration of SDDC 
on the nanoparticle surface (Fig. 4) instead a bidentate binding [31].  
 
 
Figure 3. TGA (—) and corresponding DTG (---) curves for lyophilized AgNP@SDDC under N2. 








Figure 4. Graphical presentation of the proposed model of SDDC adsorption on the metal surface 
suggested on the basis of the combined information obtained from TGA and SERS data. This 
monodentate binding model through one carboxylate moiety was deduced from the TGA and SERS 

















We also obtained the XPS spectra to get more in-depth information on the AgNP 
composition. The occurrence of carbon, nitrogen, oxygen and sulphur signals (Fig. 4A-E) confirms 
the presence of SDDC on the AgNP surface. The C 1s spectrum (Fig. 5A) shows two peaks with 
binding energies 284.8 eV and 287.9 eV assigned to --CH2/-C-C- and (-COO)
-
, respectively[32]. The 
N 1s (Fig. 5B) and O 1s (Fig. 5C) high-resolution spectra show peaks at 400.0 eV and 531.2 eV 
attributable to -NH and (O-C-O)
-
, correspondingly. In Figure 5D, the observed two peaks at 368.3 
eV and 374.3 eV correspond to Ag 3d5/2 and Ag 3d3/2, respectively [18]. For its part, the high-
resolution S 2p spectrum (Fig. 5E) presents two peaks at 163.2 eV and 164.4 eV consistent with the 











resolution XPS spectra of lyophilized 
AgNP@SDDC for C 1s (A), N 1s (B), O 1s 
















observed at lower energies is due to charging effects, then binding energies have been corrected 
using the C-C (aliphatic) at 284.8 eV as a reference.  
 
Recently, it has been demonstrated for cystine that the cleavage of the S-S bond can take 
place (dependent on Cys-Cys concentration) when interacting with AgNP [31]. Thus, to confirm the 
preservation of the S-S bond on the AgNP surface, we obtained both, the Raman and SERS spectra 
for SDDC and AgNP@SDDC, respectively. The appearance of a medium-strong signal around 500 
cm
-1
 is characteristic of the S-S stretching [33], observed at 512 cm
-1
 for SDDC and around 476 cm
-1
 
for AgNP@SDDC (Fig. 6). Besides, the peaks in the SDDC Raman spectrum at 1371 cm
-1
 and 668 
cm
-1
 are attributed to the carboxylate, symmetric (in phase) C=O stretching and the C-S stretching, 
respectively. In the AgNP@SDDC spectrum, the conservation of the S-S bond together with the 
observed enhancement of the C=O stretching signal, compared to the almost null C-S stretching 
peak, agrees with a monodentate vertical binding involving one carboxylate group and with the S-S 
group placed away from the metal surface (Fig. 4). The lower wavenumber observed in 
AgNP@SDDC for the (S-S) is likely a result of a strained S-S conformation. This strain is probably 
a consequence of the tight packing of SDDC on the nanoparticle surface [31].  
 
 
Figure 6. Normal Raman and SERS spectra: (a) normal Raman spectrum of SDDC powder 
deposited on a cover slip (excitation at 514 nm); (b) SERS spectra of lyophilized AgNP@SDDC 

















3.2 Seed-mediated growth of AgNP 
 
As previously mentioned, surfactants usually exert control on nanoparticle morphologies 
[10]. For example, the seed-mediated growth of AgNP@citrate in the presence of cetyl trimethyl 
ammonium bromide (CTAB) produce nanorods [34]. Then, we speculated if SDDC is also able to 
induce any shape modification. To accomplish that, we employed as seeds 3 nm AgNP@citrate and 
non-centrifuged AgNP@SDDC. The reaction of these seeds for 48 hours in the growth solution lead 
to remarkable differences in the products depending on the type of precursor used as described 
below.  
Using the method reported in the literature to get Ag nanorods [34], but replacing CTAB by SDDC, 
we observed that in the absence of Br
-
, AgNP grew as anisotropic particles (~90 nm, sd=13; Fig. S3 
in the Supplementary material). Then, the addition of bromide ions (50 mM to 100 mM) changed the 
proportion of different morphologies but produced nonsignificant differences on size between 
samples. For example, at 50 mM KBr (Fig. S4 in the Supplementary material) we observed 94% 
spheres (62 nm, sd=13) and 6% planar triangles (61 nm height, 57 nm length; sd=9) whereas at 100 
mM KBr we observed mainly spheres (72 nm, sd=21). 
By the contrary, when the seeds were AgNP@SDDC, analysis of TEM images (Fig. S5 in 
the Supplementary material) revealed the product was spherical silver nanoparticles of similar 
average size compared to the initial AgNP@SDDC (7 nm and 10 nm for 2h and 24h seeds, 
respectively). The absorbance change observed (Fig. 7) for the reaction product compared to the 
AgNP@SDDC seeds indicated the production of new AgNP@SDDC have occurred. In the presence 
of Br
-
, nanorods (aspect ratio: 9.4; 9%) and bigger spheres (33 nm, sd: 9; 91%) were the growth 
products (Fig. S6 in the Supplementary material).  
From these observations we highlight that: (I) AgNP@SDDC catalyses the reduction of Ag
+
; 
(II) SDDC induces to some extent a morphology and size control and (III) Br
-
 is likely acting as co-
























Figure 7. Absorption spectra for AgNP@SDDC seed dilution before () and after 48h reaction in 
the growth medium () at 25.0ºC.  
 
3.3 Catalytic performance of AgNP@SDDC 
To get further evidence of the catalytic potential of the AgNP@SDDC, we used as a model 
reaction the reduction by sodium borohydride of p-nitrophenol (4-NPh) to the corresponding 4-
aminophenol (4-APh). This reaction has been widely studied with metallic nanoparticles as it is 
easily followed using a UV-visible spectrophotometer [26,35–39]. The absorption band at 400 nm 
for the nitrophenolate anion (4-NPhO
-
) decreases over the conversion to 4-APh which absorption is 
around 300 nm.  
No reduction occurred in the absence of metal nanoparticles for at least six hours under our 
experimental conditions (Fig S7 in the supplementary material). In the presence of 11 nm 
AgNP@SDDC (211 pM taking into account polydispersity), the absorbance of 4-NPhO
-
 at 400 nm 
decreased (Fig. 8) with full conversion taking place in 30 minutes. The absence of a clear isosbestic 
point indicates the reaction involves more than one step to get the final product. This fact was also 

















Figure 8. Absorption spectra over time of 4-NPh reduction by NaBH4 in the presence of 211 pM 
AgNP@SDDC. Time in the inside legend is expressed in seconds and the arrow indicates the time 
evolution. For interpretation of the time references to colour, the reader is referred to the web 
version of this article.  
 
 
A typical kinetics profile (Fig. 9) evidenced three regions: (i) an induction period determined 
by the induction time, to; (ii) and (iii) two kinetics regimes characterized by different slopes as an 
indication that the rate-limiting step changed. This observation agrees with the time evolution profile 
described by Gu et al. in an exhaustive kinetics analysis of this reaction (Scheme 2) [35]. According 
to that work, the rate constant for the stage (ii) is associated with a rate-limiting step dominated by 




. In the case of the regime (iii), a stationary state for 4-
HxPhO
-
 is assumed and its conversion to 4-APh becomes the slow step [35] . Besides, we also 
noticed the induction time was variable between different experiments. This fact can be associated 

































Figure 9. Typical time dependence observed at 400 nm wavelength for the 4-NPh reduction in the 
presence of 211 pM AgNP@SDDC. The red circle indicates the induction period (i) with the arrow 
signalling the induction time to. The blue and violet lines indicate the two different kinetics regimes 
(ii and iii) observed. For interpretation of the references to colour in this figure legend, the reader is 





Scheme 2. Proposed mechanism for the 4-nitrophenol reduction by NaBH4  [35]. 
 
We subtracted the delay times for each experiment and fitted the ln (A/A0)
400
 vs. time, 
defining the intervals corresponding to the regimes ii (0-14 s) and iii (60-168 s). Table 2 shows the 
calculated apparent rate constants. A rough estimation of the catalytic activity (kapp/total surface 








L) and in 
both cases are similar or better than for other reported AgNP [26,38]. For instance, AgNP@polymer 

























After 60 min, the addition of more 4-NPh to the reaction medium showed the reduction still 
occurred though at a slower rate. Among other factors, as a shrinking NaBH4 concentration, this 
might also be a result of some change on the catalyst surface. The last statement is coherent with the 
TEM images of the catalyst post-reaction (Fig. S8 in the Supplementary material), which show 
particles with an increased size and more polydisperse.  
 
Table 2. Apparent rate constants determined for the different kinetics stages at 25.0ºC for different 




















106 0.0259    1.70 (0.03) 1.30 (0.01) 
211 0.0515 12 (6) 2.1
d
 (0.5) 
314 0.0767 14 (3) 1.8 (0.1) 
a
Calculated using the NANoPoLC algorithm. 
b
Estimated using the average diameter. 
c
n=3, sd 







In summary, silver nanoparticles have been successfully prepared using sodium didecamido 
cystine as the capping agent. This Gemini surfactant showed excellent properties in the synthesis, 
stabilization, and growth of AgNP, inducing to some extent a morphology control. We demonstrated 
the presence of SDDC densely packed on the nanoparticle surface, and inferred its orientation as a 
monodentate vertical binding, interacting mainly by the carboxylate moiety and preserving intact the 
disulfide bond.  
The obtained AgNP@SDDC catalysed the reduction of Ag
+
 using a mild reducing agent like 
ascorbic acid and SDDC acting as a nanoparticle size director to get 7-10 nm particles. This fact is 
remarkable different compared to other surfactants or Gemini surfactants which usually induce 
growth of the seeds [10,19,24]. On the other hand, the addition of KBr led to the growth of spheres 
and rods of the AgNP@SDDC seeds. Similar behaviour was observed with AgNP@citrate seeds, 
SDDC exerted some morphology control with KBr as codirector, obtaining bigger spheres and 
















Finally, AgNP@SDDC catalysed the reduction of 4-nitrophenol presenting characteristic 
kinetics profiles involving an induction period followed by two different kinetics regimes. Catalytic 








L. These values are 
comparable to other reported in the literature [26,38].  
Therefore, SDDC as ligand in the synthesis of silver nanoparticles generates a nanomaterial 
with interesting catalytic properties and it is promissory of being extended to the preparation of a 
variety of metal nanoparticles under appropriate conditions.   
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 A Gemini lipoamino acid surfactant as ligand lead to stable silver nanoparticles 
 A monodentate vertical binding through the carboxylate group to the metal surface 
 Synthesized AgNP@SDDC are catalytically active to the p-nitrophenol reduction 
 The size of AgNP@SDDC seeds is kept constant during the seed-mediated growth 
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